NONALCOHOLIC FATTY LIVER DISEASE (NAFLD) is a chronic disease syndrome initially characterized by a pure fatty liver (steatosis) with progression, in some, to nonalcoholic steatohepatitis and end-stage liver disease (1, 2, 14) . Hepatocyte apoptosis is increased in patients with nonalcoholic steatohepatitis and correlates with disease severity (13, 60) . Therefore, it has been proposed that a progression involving hepatic apoptosis, inflammation, and fibrosis contributes to the pathogenesis of NAFLD (8) . A large portion of the elevated hepatic triglyceride stores in NAFLD appears to arise from reesterification of circulating free fatty acids (12) . Elevated circulating free fatty acids are a characteristic feature of NAFLD and are positively correlated with liver disease severity (33) . Chronic exposure of ␤-cells to elevated levels of fatty acids in vitro leads to impairments in insulin secretion and induces apoptosis, the latter termed "lipoapoptosis" (7, 47) . In fact, exposure to elevated fatty acids, in particular long-chain saturated fatty acids, leads to cellular dysfunction and death in many cell types, including hepatocytes (11, 17, 27, 29, 59 ). Therefore, lipoapoptosis may be an important stimulus to disease progression in NAFLD.
Although recent evidence suggests that fatty acid-induced apoptosis involves activation of c-Jun NH 2 -terminal kinase (JNK) and FoxO3a (3, 29) , the intracellular pathways regulating lipoapoptosis in hepatocytes remain unclear. Increased fatty acids, in particular long-chain saturated fatty acids, induce endoplasmic reticulum (ER) stress and activate the unfolded protein response (UPR) in a number of cell types, including hepatocytes (6, 41, 59) . Prolonged, severe ER stress can target the cell for apoptosis via a number of putative mechanisms, including activation of caspases 7 and 12, interaction of Bcl-2 family proteins with the ER, extrusion of luminal calcium, and induction of CCAAT/enhancer-binding protein homologous protein (Chop)/growth arrest and DNA damage-inducible protein 153 (6, 18 -21, 32) . Overexpression of Chop can lead to cell cycle arrest and/or apoptosis (37) . Recent evidence has demonstrated that Chop deficiency improved ␤-cell ultrastructure and promoted cell survival in genetic and diet-induced models of insulin resistance and reduced apoptosis and plaque necrosis in atherosclerotic lesions of Apoe Ϫ/Ϫ and Ldlr Ϫ/Ϫ mice (49, 53) . The aims of the present study were to examine the role of Chop in palmitate-mediated cell death in liver cells and liver injury in response to a methionine-choline-deficient (MCD) diet and to determine whether ER stress was linked to palmitate-mediated cell death.
MATERIALS AND METHODS

Materials and reagents.
Fatty acids (Sigma Chemical, St. Louis, MO) were complexed to bovine serum albumin at a 2:1 molar ratio (27, 58) . Thapsigargin (450 nM; Sigma), a tumor-promoting sesquiterpene lactone that induces ER stress via inhibition of the ERassociated calcium ATPase (52) , was used as a positive control. Taurine-conjugated ursodeoxycholic acid (TUDCA) and 4-phenylbutyric acid (PBA) were purchased from Sigma. SP600125, an anthrapyrazolone inhibitor of JNK, was purchased from Calbiochem (San Diego, CA).
Cell culture. H4IIE liver cells (American Type Culture Collection, Manassas, VA), a rat hepatoma cell line, were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, penicillin, and streptomycin sulfate (58, 59) . Each experiment was performed in triplicate.
Animals. Control C57BL/6J mice and Chop Ϫ/Ϫ mice (B6.129S-Ddit3tm1Dron/J) were purchased from Jackson Laboratories (Bar Harbor, ME). All mice were housed in a temperature-and humiditycontrolled environment with a 12:12-h light-dark cycle. Following a 1-wk acclimatization period, mice were either used for hepatocyte isolation (see below) or provided a purified control high-starch diet (no. D11724; Research Diets, New Brunswick, NJ) or MCD diet (no. 518810; Dyets, Bethlehem, PA) ad libitum for 3 wk. Experiments were performed on 6-to 8-h-fasted mice. All experimental protocols were approved by the Animal Use and Care Committee at Colorado State University.
Hepatocyte isolation and culture. Hepatocytes were isolated from 6-to 8-h-fasted wild-type and Chop Ϫ/Ϫ mice immediately following the 1-wk acclimatization period using single-pass collagenase perfusion (4). Cells were first incubated in RPMI (HyClone, Logan, UT) containing 11 mM glucose, 10 Ϫ7 M dexamethasone, and 10 Ϫ7 M insulin on Matrigel-coated plates (for RNA) or on collagen-coated plates containing 5% fetal bovine serum (for protein) for 4 h (attachment period). The medium was then changed to one containing RPMI, 8 mM glucose, 10 Ϫ7 M dexamethasone, and 10 Ϫ8 M insulin. The following morning, experimental treatments were performed using RPMI that contained 8 mM glucose and 10 Ϫ7 M dexamethasone. Each independent experiment was performed in triplicate.
RNA isolation and analysis. Total RNA was extracted with TRIzol reagent using the manufacturer's protocol (Invitrogen, Carlsbad, CA). For analysis of X-box-binding protein-1 splicing, a two-step protocol was used for reverse transcription PCR using Superscript II reverse transcriptase and Taq polymerase (56) . Real-time PCR was performed following reverse transcription using 0.5 g of DNAase-treated RNA, Superscript II RnaseH, and random hexamers. PCR reactions were performed using transcribed cDNA and IQ-SYBR green master mix (Bio-Rad, Hercules, CA). Primer sets can be found in a previous publication (59) . PCR efficiency was between 90 and 105% for all primer and probe sets and linear over five orders of magnitude. The specificity of products generated for each set of primers was examined for each fragment using a melting curve and gel electrophoresis. Reactions were run in triplicate and data calculated as the change in cycle threshold (⌬C T) for the target gene relative to the ⌬CT for ␤2-microglobulin and cyclophilin (control genes) according to the procedures of Muller et al. (31) . Results were similar regardless of the control gene used, and data in the results section are reported using ␤ 2-microglobulin.
siRNA and transfections. CHOP siRNA (5=¡3=: GGAAGAAC-UAGGAAACGGTT; antisense: UCCGUUUCCUAGUUCUUCCTT) was purchased from Ambion (Austin, TX). CHOP siRNA or control scrambled oligonucleotides (Ambion) were transfected into H4IIE cells using Lipofectamine RNAi Mix (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Cells were treated with thapsigargin or palmitate 24 h following transfections.
Western blot analysis. Western blot analysis was performed as described in detail previously (40, 59) . Membranes were incubated with antibodies against CHOP (Sigma), glucose-regulated protein 78 (Stressgen, Victoria, BC, Canada), growth arrest and DNA damageinducible protein 34 (GADD34; Santa Cruz Biotechnology, Santa Cruz, CA), total and phosphorylated eukaryotic initiation factor 2␣ (Cell Signaling, Beverly, MA), and actin (Sigma). Proteins were detected with horseradish peroxidase-conjugated secondary antibodies (Amersham) and an enhanced chemiluminescence reagent (Pierce, Rockford, IL). Density was quantified using a UVP BioImaging system (UVP, Upland, CA).
Cell viability analysis. Caspase-3 activity was determined with the colorimetric caspase-3 activation assay, which uses a caspase-specific peptide conjugated to the color reporter p-nitroanaline (R & D Systems, Minneapolis, MN). Caspase activity was normalized to cell lysate protein concentration. DNA fragmentation was evaluated using a modification of the protocol of Bialik et al. (5), as described previously (59) . Cell death was also evaluated using the Cell Death Detection ELISA kit (Roche Diagnostics, Penzberg, Germany). This assay is based on the quantitative sandwich enzyme immunoassay principle using mouse monoclonal antibodies directed against DNA and histones. Cell number was determined using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] Cell Proliferation Assay Kit (Biotium, Hayward, CA), which is based on the cleavage of the yellow tetrazolium salt MTT to purple formazan crystal by metabolically active cells.
JNK activity. JNK activity was determined using the NH 2-terminal c-Jun fusion protein bound to glutathione Sepharose beads (Cell Signaling). In this assay the reaction is initiated with 100 M ATP, and Western blot analysis is used to detect the level of c-Jun phosphorylation using an antibody specific for Ser 63 (57) . Liver histology. Liver samples were fixed in 10% buffered formalin and processed by the paraffin slice technique. Sections were stained with hematoxylin and eosin (Premier Laboratory, Longmont, CO). Biochemical analyses. Plasma glucose levels were measured on an automated analyzer (Beckman Instruments, Fullerton, CA). Plasma insulin levels were determined by ELISA (Linco, St. Louis, MO). Plasma alanine aminotransferase and aspartate aminotransferase levels were determined using kits from Genzyme Diagnostics (Charlottetown, PEI, Canada).
Data analysis and statistics. Statistical comparisons were calculated using analysis of variance and post hoc comparisons among means using the Scheffe's or Tukey's test. Statistical significance was set at P Ͻ 0.05. All data are reported as means Ϯ SD.
RESULTS
Palmitate increases Chop gene and protein expression in H4IIE liver cells. Palmitate increased
Chop mRNA and protein in a dose-dependent fashion, reaching maximum levels between 8 and 24 h of incubation (Fig. 1, A and B) . In contrast, oleate did not increase Chop mRNA or protein (Fig. 1, A and B) . Net cell growth was reduced and cell death increased when liver cells were incubated in the presence of 200 or 300 M palmitate (Fig. 1C) . As demonstrated previously (41, 59) , incubation of liver cells with palmitate, but not oleate, increased several markers of ER stress and UPR activation and caspase-3 activity (Supplemental Fig. S1 ; Supplemental Material for this article is available at the AJPEndocrinology and Metabolism web site).
siRNA-mediated silencing of Chop delays cell death but only at high concentrations of palmitate. Chop siRNA (50 nM) reduced the induction of Chop protein in response to thapsigargin or palmitate by ϳ90% (Fig. 2A) . When all measurements of cell death (DNA fragmentation, ELISA, caspase-3 ac- 
Values are reported as means Ϯ SD of triplicate samples from 6 independent experiments and are in mU/10 3 cells. Chop, CCAAT/enhancer-binding protein homologous protein; Palm, palmitate; Ctl, small interfering (si)RNA control; siRNA, Chop siRNA. Cell death was measured by ELISA, as described in MATERIALS AND METHODS. *Significantly (P Ͻ 0.05) different from Ctl at corresponding time point. (Fig. 2B) . We next examined whether Chop expression influenced palmitatemediated cell death over a range of fatty acid concentrations and time points. siRNA-mediated silencing of Chop delayed but did not prevent cell death in response to high concen- Values are reported as means Ϯ SD of triplicate samples from 6 independent experiments and are in mU/10 3 cells. WT, wild type; KO, knockout. Cell death was measured by ELISA, as described in MATERIALS AND METHODS. *Significantly (P Ͻ 0.05) different from Ctl at corresponding time point.
Fig. 4. Liver injury in WT and
Chop-KO mice. WT and Chop-KO mice were provided a purified high-starch diet (STD) or a methioninecholine-deficient (MCD) diet for 3 wk. A: hematoxylin and eosin staining. B: liver enzymes, alanine aminotransferase (ALT), and aspartate aminotransferase (AST). C: collagen-␣1 (COL1a1), ␣-smooth muscle actin (SMA), and transforming growth factor-␤1 (TGFb1) mRNA from liver samples. Data in graphs are reported as the mean Ϯ SD; n ϭ 6/group. *Significantly (P Ͻ 0.05) different from STD.
trations (400 and 500 M) of palmitate (Table 1 (Fig. 3) . Although thapsigargin-mediated cell death was reduced significantly and cell survival increased in primary hepatocytes from Chop-knockout mice, no significant reduction in cell death or increase in cell survival was observed in the presence of 200 M palmitate (Fig. 3 ). There were no differences in several ER stress markers between wild-type and knockout mouse primary hepatocytes (Supplemental Fig. S4 ). We next examined whether Chop expression influenced palmitate-mediated cell death over a range of concentrations and time points. The absence of Chop delayed but did not prevent cell death in response to high concentrations (400 and 500 M) of palmitate ( Table 2 and Supplemental Fig. S5) .
Indices of liver injury are not reduced in Chop-knockout mice fed a MCD diet. Diets deficient in methionine and choline induce hepatic steatosis, inflammation, and liver injury and are a widely used dietary model of nonalcoholic steatohepatitis (22, 24, 43, 46) . Recent data have demonstrated that saturated fatty acids mediate hepatic toxicity in this model (26, 43) . Therefore, we next examined the effects of Chop on liver injury induced by a MCD diet. Body weight, food intake, and plasma levels of glucose and insulin were not significantly different in wild-type and Chop-knockout mice fed the MCD diet (Supplemental Fig. S6 ). Hematoxylin and eosin staining revealed minimal steatosis and inflammation in wild-type and Chop-knockout mice on the control starch diet (Fig. 4A) . In contrast, wild-type and Chop-knockout mice on the MCD diet developed histological evidence of gross hepatic steatosis and mixed inflammatory infiltrate (Fig. 4A) . The MCD diet increased liver enzymes and the expression of collagen-␣1 and ␣-smooth muscle actin mRNA in both wild-type and Chopknockout mice (Fig. 4B) . The expression of gene and protein markers of ER stress were not significantly differently between wild-type and Chop-knockout mice, with the exception of Chop and GADD34 (Supplemental Fig. S7 ), a gene that is regulated by Chop (30) .
Chemical chaperones reduce palmitate-mediated ER stress and cell death. Chemical chaperones, such as glycerol, trimethylamine-N-amide, methyl-␤-cyclodextrin, and PBA, represent a group of low-molecular-weight compounds that can stabilize protein conformation, improve ER folding capacity, and facilitate the appropriate trafficking of mutant proteins (23, 39) . Endogenous bile acids and bile acid derivatives, such as TUDCA, can also modify ER function (16, 61) . Previous studies have demonstrated that chemical chaperones reduce markers of ER stress in murine models of obesity and cell systems exposed to chemical inducers of ER stress or increased free fatty acid delivery (35, 39, 61) . Given the limited role of Chop in the present study, we sought to establish a link between ER stress and palmitate-mediated cell death using chemical chaperones. TUDCA and PBA reduced markers of ER stress, cell death, and caspase-3 activation in response to thapsigargin and palmitate in primary hepatocytes from wildtype mice (Fig. 5 and Supplemental Fig. S8 ).
Previous studies have suggested that JNK activation is linked to fatty acid-mediated cell death, particularly at physiological fatty acid concentrations (29, 41) . TUDCA and PBA reduced thapsigargin-and palmitate-mediated activation of JNK, and selective inhibition of JNK, using SP600125, also reduced thapsigargin-and palmitate-mediated cell death (Fig. 6) .
DISCUSSION
Much of what we presently know about the UPR and its role in cell death has been derived from studies that employ pharmacological agents such as thapsigargin and tunicamycin, which induce severe, and typically unrecoverable, ER stress Fig. 5 . Cell integrity in primary hepatocytes isolated from WT mice. Primary hepatocytes were incubated in LG or control medium supplemented with Thap (450 nM), albumin-bound oleate at 300 M (O300) or palmitate at 100 (P100), 200 (P200), or 300 M (P300) in the absence or presence of chemical chaperones, taurine-conjugated ursodeoxycholic acid (TUDCA; 200 M), or 4-phenylbutyric acid (PBA; 500 M) for 16 h. Measurements of cell integrity include ELISA-based cell death (A), caspase-3 activity (B), and MTT assay (C). Data in graphs are reported as the mean Ϯ SD of triplicate samples from a total of 6 independent experiments. *Significantly (P Ͻ 0.05) different from no addition. (20, 45) . However, there have been an increasing number of studies that have observed ER stress and UPR activation in the context of normal physiological regulation and disease states characterized by prolonged pathogenic time courses (15, 25, 38, 45, 50, 55) . The pathogenesis of NAFLD appears to include both ER stress and apoptosis (13, 44, 60) . Increased fatty acids, a characteristic feature of obesity and NAFLD (33) , in particular long-chain saturated fatty acids, induce ER stress, activate the UPR, and lead to cell death in hepatocytes (29, 59 ). The present study sought to determine whether the proapoptotic protein Chop contributed to cell death in response to palmitate and in MCD diet-induced steatohepatitis and to establish a link between ER stress and cell death in hepatocytes. Results demonstrate that Chop deficiency delays but does not prevent cell death in response to high palmitate concentrations and that ER stress appears to be linked to cell death, in part, via JNK activation.
Chop is among the best characterized of the UPR-regulated proapoptotic proteins (37) . Chop expression is regulated by activating transcription factor (ATF)4 and perhaps ATF6, and the deletion of Chop provides some protection from ER stressinduced cell death in both cells and animals (20, 28, 34, 37, 45, 49) . siRNA-mediated silencing of Chop suppressed celecoxibinduced apoptosis; thus it has been proposed that Chop plays a role in celecoxib-induced cell death in cervical cancers (21) . In addition, targeted disruption of the Chop gene delayed the development of ER stress-mediated diabetes in Akita mice (36) . Finally, Chop deficiency attenuated cholestasis-induced liver fibrosis (51) . Thus, Chop not only plays a role in ERstress mediated apoptosis but also may contribute to the development or progression of chronic diseases. In the present study, palmitate increased Chop mRNA and protein in H4IIE liver cells. siRNA-mediated silencing of Chop reduced thapsigargin-mediated DNA laddering, ELISA-based cell death, and caspase-3 activity and improved cell viability (MTT assay). siRNA-mediated silencing of Chop did not have a significant effect on any of these parameters in response to physiological concentrations of palmitate (100 -300 M). At high, and potentially unphysiological, concentrations of palmitate (400 -500 M), siRNA-mediated silencing of Chop delayed but did not prevent cell death.
We next examined palmitate-mediated cell death in primary hepatocytes isolated from wild-type and Chop-knockout mice. Although thapsigargin-mediated DNA laddering, ELISAbased cell death, and caspase-3 activity were all reduced significantly in hepatocytes isolated from Chop-knockout mice, palmitate-mediated cell death was not significantly different between wild-type and Chop-knockout mice hepatocytes at palmitate concentrations between 100 and 300 M. Similarly to H4IIE liver cells, Chop deletion delayed but did not prevent cell death in response to high concentrations of palmitate (400 -500 M). Finally, we examined the role of Chop on liver injury in vivo in C57BL/6J wild-type and Chop-deficient mice provided a methionine-choline-deficient diet. This diet causes weight loss accompanied by steatosis, inflammation, and fibrosis in the liver (22, 24) , and recent data suggest that saturated fatty acids mediate hepatic toxicity in this dietary model (26, 43) . Chop deletion did not reduce steatosis, inflammation, gene markers of fibrosis, or gene markers of ER stress when studied after a 3-wk dietary period. In total, these data suggest that Chop plays a limited role in lipid-mediated cell death in hepatocytes. This role appears to be restricted to influencing the kinetics of cell death at high concentrations of palmitate.
Chop-mediated regulation of cellular integrity appears to be critical to pancreatic function, and a recent study demonstrated that Chop knockdown delayed palmitate-mediated cell death in INS-1E cells, FACS-purified primary ␤-cells, and human islets (9, 49) . However, in the latter study, experiments were performed with palmitate concentrations of 500 M; therefore, it is presently unclear whether Chop would also mediate cell death at lower, more physiological fatty acid concentrations in ␤-cells. It is also important to mention that at least one other study has demonstrated that although sustained induction of Chop is correlated with cell death in mature ␤-cells, Chop is not required for this process (48) . It may be that palmitatemediated upregulation of Chop reflects the presence of ER stress and UPR activation and/or may serve to regulate downstream targets that do not necessarily lead to cell death, such as DOCs (downstream of Chop), and/or influence the cellular redox state (37) . Recent evidence has suggested that the relative instability of Chop may ensure that its expression reflects the actual stress level experienced by the cell (45) . In this context, the ability of Chop to promote cell death in the face of UPR activation may be directly related to the magnitude of the stress imposed (45) .
It has been postulated that chemical chaperones, such as TUDCA and PBA, have the ability to stabilize proteins in their native conformation and enhance ER functional capacity (10, 39, 42) . Therefore, we used chemical chaperones to determine whether ER stress was linked to liver cell death in response to palmitate. The presence of TUDCA or PBA reduced palmitatemediated ER stress markers, JNK activation, and cell death. In addition, chemical inhibition of JNK also reduced palmitatemediated cell death. Taken together, these data support the notion that palmitate-mediated ER stress is linked to cell death via activation of JNK. Thus, our data are consistent with previous studies that have demonstrated the important role of JNK in fatty acid-mediated cell death in hepatocytes and JNK1 in the development of steatohepatitis in the methionine-choline-deficient diet model (29, 41, 46) . Previous studies have demonstrated that IRE1␣ not only physically interacts with JNK but that IRE1␣-mediated activation of JNK is an important determinant of obesity-induced insulin resistance in liver and adipose tissue (38, 54) . The role of IRE1␣ in palmitatemediated activation of JNK and cell death is currently under investigation.
The present study sought to examine the role of Chop in palmitate-mediated cell death in liver cells and liver injury in response to a methionine-choline-deficient diet. The results suggest that Chop has a limited role in lipid-mediated cell death and liver injury. Results also demonstrate that palmitatemediated ER stress is linked to cell death, in part, via activation of JNK.
